Abstract
is typically performed on freshly isolated cells, may take place over weeks, months, or even years. We submit that the conventional methods used to assess the MitoTracker ® fluorescence signal are unsuitable in this context. The most commonly reported metric of MitoTracker ® fluorescence is mean or median fluorescence intensity (MFI) (7, 9) . This approach is unbiased and is appropriate for comparing between cell populations within an individual test. However, for the MFI of any fluorescence parameter to be comparable between experiments, consistent cytometer settings and/or calibration beads must be used; few if any of the studies published to date report including these measures in their experimental protocols. Even if consistent settings are used, we demonstrate here that different aliquots of dye from the same lot can vary in fluorescence intensity, and may lose stability over time even if stored as directed. For these reasons, MFI cannot reliably be used to compare MitoTracker ® staining between experiments conducted at different times.
The second reported method is to gate MitoTracker ® "high" populations by human eye, but this method is unavoidably subjective (12) . All T cells contain mitochondria and so conventional cytometry controls such as fluorescence minus one (FMO) controls are not helpful in this context. This method will therefore produce varying results depending on the operator performing the analysis.
Here, we present a novel method to allow the objective delineation of MitoTracker ® "high" populations.
MATERIALS AND METHODS

Ethics Statement
All participants provided written informed consent. Experimental protocols were approved by the University of North Carolina Institutional Biomedical Review Board (IRB number and carried out in accordance with the relevant guidelines. All procedures were in accordance with the Helsinki Declaration of 1975, as revised in 2008.
Antibodies and Fluorescent Dyes
Zombie NIR Fixable Live/Dead cell stain (BioLegend) was used to assess cell viability. The dye was reconstituted using DMSO (Sigma-Aldrich) and stored at −20 C. The following cell surface antibodies were used: CD3-PE-Cy7, CD4-Brilliant Violet 421, CD8-Brilliant Violet 510, CD14-Brilliant Violet 650, CD16-Brilliant Violet 650, CD19-Brilliant Violet 650, and CD56-Brilliant Violet 650 (all BioLegend). Antibodies were stored at 4
C. Probes lot 1,842,298) were prepared by adding DMSO to vials of lyophilized dye. Single-use aliquots were stored at −20 C. All refrigerators and freezers were electronically temperaturemonitored and did not fall outside their acceptable temperature ranges during the period of these experiments.
Cell Isolation and Staining
Peripheral blood mononuclear cells (PBMC) were isolated from whole blood by Ficoll-Hypaque density gradient centrifugation using SepMate tubes (STEMCELL Technologies). Freshly-isolated PBMC (5 × 10 5 per condition) were stained in a volume of 100 μl PBS with Zombie NIR Fixable Live/Dead cell stain for 20 min at room temperature, followed by surface antibodies in a total volume of 100 μl PBS/2% FBS for 30 min at room temperature. Finally, cells were incubated in 200 μl warm PBS containing 15 nM MT Deep Red and 50 nM MT Green (unless otherwise indicated) for 1 h at 37 C. This extended staining period improved data reproducibility relative to staining for 30 min (data not shown). To ensure no spectral overlap into the MT Deep Red and MT Green channels, fluorescence minus one (FMO) controls containing all fluorochromes except the dye of interest were used. Compensation controls were prepared for each fluorochrome using antimouse Ig κ compensation particles (BD Biosciences), with the exception of Zombie, MT Deep Red and MT Green, where single-stained cells were used for compensation. Samples were acquired, unfixed unless otherwise specified, by flow cytometry within 2 h of the completion of staining. Where indicated, cells were fixed in PBS/2% paraformaldehyde for 30 min prior to acquisition. A minimum of 20,000 T cells were acquired for analysis.
Flow Cytometry
Samples were acquired using an LSRFortessa flow cytometer equipped with FACSDiva software version 8.0.1 (BD Biosciences). Cytometer calibration was performed daily using CS&T Research Beads (BD Biosciences). Application settings were created in FACSDiva and used in each experiment to ensure consistent fluorochrome excitation.
Data were analyzed using FlowJo version 10.4.2 (Tree Star). Fluorescence parameters were compensated in FlowJo using the compensation controls. CD4 + and CD8 + T cells were identified using a hierarchical gating strategy.
Imaging Flow Cytometry
PBMC were stained with CD3-PerCP-Cy5.5 (Biolegend), 50 nM MitoTracker ® Green and 15 nM MitoTracker ® Deep
Red and acquired on an Amnis ImageStreamX Mark II. Data were analyzed using IDEAS version 6.2 (Amnis).
Analysis Method
Hypothesis. Our method for gating MitoTracker ® "high"
populations is based on the observation that despite variations in MFI and fluorescence range between different dye aliquots, the distribution of events within the fluorescence range appeared similar. This suggested that the percentage of cells lying within a defined fraction of this range (e.g., the top 90% of the range) would remain constant. A mathematical justification for our hypothesis that the probability of a cell lying within a specified subrange (e.g., the top 90% of the range) is the same for different dye aliquots is detailed as follows:
Let X denote a random variable corresponding to the fluorescence value when using a particular dye aliquot. Assume the distribution of X has finite support, with lower and upper bounds l x and u x , respectively. The probability of a cell lying within the top 90% of the support is then Pr[u x − 0.9 r x < X < u x ] where r x = u x − l x is the range of the finite support, and Pr[.] denotes probability.
Assume using a different dye aliquot results in a linear transformation of the fluorescence value (see Fig. 2C for data supporting this assumption). Specifically, if a different dye aliquot is used, let Y denote a random variable corresponding to the fluorescence value of that dye aliquot and Y = a X + b, for constants a and b. It follows that the distribution of Y has finite support, with lower and upper bounds l y and u y , respectively, where l y = a l x + b and u y = a u x + b. Moreover, using this dye aliquot, the probability of a cell lying within the top 90% of the support is Pr[u y − 0.9 r y < Y < u y ] where r y = u y -l y . Note r y = a
, that is, the probability of a cell lying within the top 90% of the support is the same for different dye aliquots.
In practice, the lower and upper bounds of fluorescence intensity (l x and u x ) are not known, but rather need to be estimated. In the absence of measurement error, the minimum and maximum observed intensities could be used to estimate l x and u x . However, suppose due to measurement error that the true fluorescence value for a particular dye is not observed, but rather we observe the true value plus some independent noise. That is, instead of observing X, suppose we observe X + e where e is a random variable representing measurement error which has mean zero and is independent of X. In this case, the minimum and maximum observed intensities would be expected to yield biased estimates of l x and u x . Assuming the variance of e is small relative to the range of the support of X, then removing outliers to obtain a trimmed range (see below) would be expected to yield more accurate estimates of l x and u x .
Gating method. In accordance with this hypothesis, MT Deep Red "high" CD4 + or CD8 + T cells were gated as follows: first, to remove outliers that might skew the positioning of the gate, the top 0.1% and the bottom 0.1% of cells in terms of MT Deep Red brightness were excluded, leaving 99.8% of the total (the "trimmed" cell population). Next, the brightest remaining cell and the dimmest remaining cell were individually gated (or one of the brightest and dimmest cells if there were multiple cells with exactly the same fluorescence intensity) and the fluorescence intensity was obtained for each. The dimmest fluorescence intensity was subtracted from the brightest to obtain the trimmed fluorescence range. Then, 90% of this range was identified by multiplying the fluorescence range by 0.9:
A gate was placed manually between this value and the brightest event. The percentage of cells falling within this gate was designated the "MTDR 90 " fraction (Fig. 2D) . In selected experiments, the percentage of cells lying in the top 99% (MTDR 99 ) and the top 50% (MTDR 50 ) of the fluorescence range were also determined. The same methodology was used to identify MT Green "high" populations. Independent gates were defined for CD4 + and CD8 + T cell populations as the fluorescence range differs between these subsets (see Fig. 3 ). 
Statistical Analyses
Data were analyzed using GraphPad Prism Version 7. Outcomes were compared between paired samples using an exact Wilcoxon matched-pairs signed rank test. Correlations were performed using Spearman's rank correlation. Statistical testing was two-sided and P-values < 0.05 were considered statistically significant. 
RESULTS
Variability of MT Deep Red Fluorescence Intensity between Batches from the Same Lot
MitoTracker ® dyes have previously been reported to bind specifically to mitochondria in respiring cells (2) . Using imaging flow cytometry, we confirmed that cells that are MitoTracker Fig. 1 ). We next determined the optimal concentration of MT Deep Red to achieve reproducibility between technical replicates. PBMC were stained in triplicate with either 5 nM, 15 nM, or 25 nM MT Deep Red. The gating strategy used to identify CD4 + and CD8 + T cells is shown in Figure 1 . As expected, median fluorescence intensity (MFI) increased with higher dye concentration ( Fig. 2A and Supporting Information Fig. 2 ). The interreplicate variation (as measured by coefficient of variation, CV) was lowest with 15 nM MT Deep Red; accordingly, this concentration was used for subsequent experiments.
To ensure reproducibility over time, it is necessary to be confident that different aliquots of dye produce consistent results. To assess the consistency of MT Deep Red MFI, PBMC from the same donor were stained simultaneously in triplicate with dye from two single-use aliquots of the same lot. We observed considerable variation in MFI following staining with the two aliquots, with one aliquot giving an MFI almost four times higher than the other for CD4 + T cells despite both having been prepared together and stored as directed by the manufacturer (Fig. 2B,E) . We concluded that it would not be possible to use MFI to compare MitoTracker ® staining between experiments.
Gating MitoTracker ® Populations Using Fluorescence Range Substantially Improves Reproducibility
We observed that while there was substantial variation between aliquots in MitoTracker ® fluorescence in terms of MFI (and the minimal and maximal fluorescence intensity), the distribution of events within the fluorescence range appeared similar (Fig. 2B) . To assess whether different aliquots result in a linear transformation of the distribution of fluorescence intensity of cells, we performed a quantile-quantile analysis, comparing the fluorescence intensity of cells at the 10th, 20th, 30th … 90th percentiles, and observed a clear linear relationship between aliquots (Fig. 2C ). This led us to hypothesize that the percentage of cells lying within a defined percentage of this fluorescence range would remain constant, and that a strategy that objectively gated on this percentage could provide more reproducible results than MFI-based gating. Using this approach (see details in Methods section), MitoTracker ® Deep
Red outliers were removed, the fluorescence range of the remaining cells was determined, and cells lying within the top 50%, the top 90%, and the top 99% of this fluorescence range were gated (Fig. 2D) . The population falling within the top 90% of the fluorescence range, designated MTDR 90 , best reflected the "mitochondrial dye high" population described in previous publications (9, 12, 13) . The variability between technical replicates using MTDR 90 gating was substantially lower than the variability in MT Deep Red MFI (10% vs. 63% CV). (Fig. 2E) .
To determine whether objective gating also improved consistency with other mitochondrial dyes, we compared staining with two aliquots of MitoTracker ® Green using MFI and gating the top 90% of the fluorescence range (MTG 90 ). While the variability between aliquots is typically lower for MT Green than for MT Deep Red, we show that fluorescence range gating further improved assay reproducibility (MTG 90 CV 2.4% compared with 5.7% when using MFI) (Fig. 2F) . For both MitoTracker ® Deep
Red and MitoTracker ® Green, highly reproducible results were obtained when the data were analyzed by three independent operators (Supporting Information Fig. 3 ). Next, we assessed whether MT 90 gating produced consistent results over a range of MitoTracker ® concentrations by staining PBMC with MT Deep Red doses ranging from 5 nM to 25 nM. As expected, MT Deep Red MFI increased in CD4 + T cells with increasing dye concentration (Fig. 2G, left graph) . However, the percentage of CD4 + T cells in the top 90% of the fluorescence range (MTDR 90 ) was similar across dye concentrations (Fig. 2G, right graph) , confirming that the distribution of cells within the "high" fluorescence subrange remains constant when dye brightness increases. Fluorescence range gating can thus be used to compare results from experiments where dye fluorescence is variable. In a separate experiment, we confirmed that MTDR 90 gating also produces consistent results with different dye concentrations when cells are fixed prior to acquisition (Supporting Information Fig. 4 ).
Objective Gating Recapitulates Comparisons between CD4+ and CD8+ T Cells Made Using MFI
To further validate this method, we compared MT Deep Red and MT Green staining between CD4 + and CD8 + T cells from eight blood donors, using both objective gating and MFI. As the comparison is between cells within an individual stained simultaneously, MFI is a valid measure in this instance. As shown in Figure 3 , the MT Deep Red and MT Green signal was higher in CD4 + than CD8 + T cells in all eight individuals, both in terms of MFI and the percentage falling within the top 90% of the fluorescence range (MTDR 90 or MTG 90 ), reproducing previous observations (6, 8) . We also observed significant differences between CD4 + and CD8 + T cells when cells falling within the top 50% of the fluorescence range (MT 50 ) and the top 99% of the fluorescence range (MT 99 ) were gated (Supporting Information Fig. 5 ). However, MT 90 gating produced the strongest correlation with MFI in terms of the foldchange increase in CD4 + T cells relative to CD8 + T cells (Table 1 ). This suggested that MT 90 gating best discriminates between different T cells subsets and is consistent with our observation that MT 90 gating best identified the previously described MitoTracker ® "high" population.
DISCUSSION
We have described a novel, objective method to identify MitoTracker ® "high" T cell populations, circumventing the problems presented by existing analytical approaches. As we have shown, objective gating delivers consistent results even in the face of differences in dye fluorescence intensity, overcoming the major limitation of comparing MFI between experiments. Second, in contrast to gating by human eye, our method delivers an unbiased value for the percentage of MitoTracker ® "high" cells. This approach affords consistent results that are operator-independent. Even using this approach, we recommend using consistent cytometer settings and/or calibration beads to ensure consistent cytometer performance between experiments and to eliminate operator-introduced variability when performing the cytometer setup. It is also advisable to perform experiments in triplicate (or more) to assess the consistency of staining, and so that any anomalous results can be identified and excluded. We note that experiments involving compounds such as FCCP that reduce mitochondrial polarization in all cells will not be amenable to analysis using this method.
Although we have focused on MitoTracker ® dyes in this report, objective gating could be used to gate populations stained with other mitochondrial dyes, and with other fluorescent antibodies or cellular dyes where delineating "high" and "low" populations is challenging. For example, multiple studies have reported differences in function and response to immunotherapy between PD-1 "high" and PD-1 "intermediate" or "low" T cells, but as yet there is no standardized method for identifying these different populations (14) (15) (16) . As we have demonstrated, the method can be modified to gate, for To examine the correlation between MT gating and MFI, the within-participant fold-change in MitoTracker ® MFI in CD4 + T cells compared with CD8 + T cells (CD4 MFI/CD8 MFI) was calculated and then correlated with the fold-change (CD4 MT/CD8 MT) in MT 50 , MT 90 , and MT 99 for each sample shown in Figure 3 . Correlations performed using Spearman's rank correlation. Bold text indicates significant correlations (two-tailed P value <0.05).
example, cells in the top 50% of the fluorescence range, according to the requirements of the researcher.
Ex vivo metabolic measurements are typically performed using freshly-isolated cells (4, 12, 17) . Therefore, longitudinal assessment of metabolic activity such as mitochondrial mass and function is challenging because of intra-lot variability of cellular dyes. Here, we propose an approach that enables more reproducible measurement of ex vivo mitochondrial mass and activity that is operator independent and overcomes limitations associated with intra-lot variability of dyes. Robust, reproducible data using mitochondrial dyes could provide valuable insights into the role of mitochondria in human health and disease.
